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Technical  Objective: 

The  main  objective  of  this  program  was  to  advance  the  performance  of  the 
semiconductor  waveguide  modulator  in  the  external  modulated  RF  fiber-optic  links  for  space- 
based  and  airborne  platforms  such  as  true  time  delay  beam  formation  and  beam  steering 
subsystems  in  phased  array  antennas.  We  proposed  to  investigate  device  and  material 
approaches  to  improve  the  modulator  based  on  semiconductor  structures  for  achieving  high  spur 
free  dynamic  range  (SFDR)  and  high  frequency  operation.  In  these  approaches,  the 
semiconductor  optical  modulators  would  be  specifically  designed  to  achieve  high  slope 
efficiency  and  high  center  frequency,  while  at  the  same  time  maintaining  the  minimal  generation 
of  spurious  signals.  The  fiber-optic  links  using  these  modulators  are  expected  to  satisfy  the  low 
noise  figure,  high  center  frequencies,  low  drive  power  requirements. 

This  was  a  collaborative  research  program  with  the  University  of  California  at 
San  Diego  (UCSD)  developing  photonic  components  for  fiber  links  evaluations  by  the  Air  Force 
Research  Lab. 

The  following  were  the  main  goals  in  this  program: 

1,  To  design  and  test  electroabsorption  waveguide  modulator  for  high  multi -octave  SFDR 
and  high  slope  efficiency  and  high  saturation  optical  power  operation. 

2.  To  collaborate  with  technical  personnel  at  Air  Force  Research  Laboratory  at  Rome  on  the 
overall  link  design  and  provide  prototype  electroabsorption  waveguide  modulator  for  link 
evaluation. 

Summary  of  Accomplishments 

1.  We  have  continued  the  investigation  of  the  critical  design  and  fabrication  issues  for 
broadband  traveling  wave  electroabsorption  waveguide  modulator.  A  preliminary  device  has 
been  fabricated. 

2.  We  have  continued  the  investigation  of  an  integrated  EA  waveguide/mixer  for  frequency 
conversion  of  RF  signals  that  utilizes  the  electric-field-controlled  absorption  in  an 
electroabsorption  (EA)  waveguide.  We  have  compared  the  performance  of  the  MQW-EA 
Mixer  and  FKE-EA  Mixer  and  also  evaluated  the  phase  noise  properties  of  the  MQW-EA 

Mixer. 

3.  We  conceived  a  new  approach  for  linearizing  electroabsorption  modulators  (EAM)  for 
broadband,  analog,  radio  frequency  fiber-optic  links.  In  this  approach,  two  or  more  EAM 
will  be  fabricated  in  series  on  the  same  waveguide.  Theoretical  analysis  shows  that 
cancellation  of  both  the  second  order  and  third  order  harmonic  distortions  can  be  obtained 
simultaneously  by  using  proper  electrode  length  and  by  biasing  appropriately  the  electrodes, 
leading  to  an  enhancement  of  the  multi-octave  spurious  free  dynamic  range  (SFDR). 
Simulation  shows  that  the  SFDR  of  the  optical  link  for  the  two-electrode  case  is  lOdB  larger 
than  that  for  a  single  electrode  case. 
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Detailed  Technical  Achievement  On  Effort 


1.  Design  and  Fabrication  of  Traveling  Wave  Electroabsorption  Modulator  (EAM) 

For  high-speed  application,  the  bandwidth  of  the  lumped  element  EAM  is  known  to  be 
RC-time  limited.  To  achieve  an  ultra  large  bandwidth  in  lumped  element  EAM,  the  modulation 
efficiency  has  to  be  greatly  sacrificed.  This  is  especially  critical  in  analog  operaUon  where  RF 
link  loss  and  noise  figure  must  be  minimized.  To  overcome  the  RC  bandwidth  limit  and  to  avoid 
significantly  compromising  the  modulation  efficiency,  the  traveling  wave  electroabsorption 
modulator  (TW-EAM)  has  been  proposed  and  experimentally  investigated  by  several  authors  [1- 
5]. 


In  our  previous  work  [5],  detailed  theoretical  analysis  and  numerical  calculations  have 
been  carried  out  for  ultra  high-speed  (>50  GHz)  TW-EAM,  including  effects  of  velocity 
mismatch,  impedance  mismatch  and  microwave  attenuation.  It  was  found  that  due  to  the  optical 
propagation  loss  of  the  waveguide,  the  TW-EAM  waveguide  length  for  maximum  RF  link  gain 
is  limited  to  200  ~  300  pm.  A  quasi-static  equivalent  circuit  model  was  used  to  examine  the 
TW-EAM  microwave  properties,  including  the  effect  of  photocurrent.  Three  TW-EAM  design 
approaches  were  discussed:  low  impedance  matching;  reducing  the  waveguide  capacitance,  and 
distributing  the  modulation  region. 


Figure  1.  Cross-section  of  the  TW-EAM  device. 


Continuing  from  our  previous  analysis,  we  have  designed  and  fabricated  TW-EAM 
devices  using  low  impedance  matching  approach.  Figure  1  shows  the  cross  section  of  the 
device. 
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The  TW-EAM  optical  waveguide  is  similarly  designed  as  that  of  the  lumped  element 
EAMs  [6].  Its  microwave  design  is  more  critical  and  deserves  a  more  thorough  examination. 


I — 7W 
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Figure  2,  Quasi-static  circuit  model  for  a  unit  length  of  TW-EAM 

The  equivalent  circuit  model  we  developed,  as  illustrated  in  Figure  2,  is  very  helpful  in 
understanding  the  TW-EAM  microwave  design.  In  this  circuit  model,  is  the  conduction 
resistance,  is  the  inductance,  Rj  is  the  device  series  resistance,  is  the  junction  capacitance, 
Rq  is  the  equivalent  ac  resistance  due  to  the  dependence  of  the  EAM  photocurrent  on  the 
Junction  voltage.  These  circuit  parameters  determine  the  TW-EAM  frequency  response  [5].  To 
achieve  ultra  large  bandwidth,  small  C„,  R^  and  R„„  are  desirable.  However,  the  effect  of 
inductance  L„  is  not  so  straightforward  to  predict.  This  is  illustrated  in  Figure  3.  When  the 
terminator  impedance  50  Q,  the  waveguide  inductance  will  have  little  impact  on  the  TW- 
EAM  bandwidth;  when  Zl=  22  Q,  in  the  L„  range  of  0.1  nH/mm  to  1.0  nH/mm,  a  larger  will 
yield  a  larger  bandwidth.  This  suggests  that  in  our  device  design  which  uses  a  low  impedance 
matching  approach,  a  larger  inductance  would  be  preferred. 


Inductance  (nH/mm) 

Fig.  3.  Effect  of  waveguide  inductance  on  the  3-dB  bandwidth. 


The  values  of  all  above  circuit  parameters  are  determined  by  the  structure  design  in 
Figure  1.  The  capacitance  C„,  depends  upon  the  waveguide  width  and  the  intrinsic  layer 
thickness,  which  have  been  determined  in  the  optical  waveguide  design  for  maximum 
modulation  efficiency.  To  achieve  a  larger  inductance,  L„,  a  smaller  central  metal  width,  w,  a 
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larger  electrode  gap,  g,  and  a  larger  waveguide  height,  h,  are  preferred.  However,  smaller  w 
causes  larger  larger  g  and  larger  h  cause  larger  R^.  Detailed  numerical  calculations  are 
needed  in  orderTo  optimize  these  structure  geometry  parameters  to  obtain  the  largest  bandwidth. 


Figure  4.  Effect  of  terminator  transmission 

In  order  to  connect  the  low  impedance  terminator  to  the  TW-EAM  waveguide,  a 
microwave  transmission  line  is  needed.  This  transmission  line  design  could  have  a  significant 
impact  to  the  TW-EAM  frequency  response.  In  the  calculation  we  can  treat  this  transmission 
line  plus  the  terminator  as  an  equivalent  terminator.  The  impedance  of  this  equivalent  terminator 
has  an  imaginary  part  that  is  frequency  dependent,  which  is  similar  to  the  TW-EAM  waveguide 
impedance  [5].  This  infers  that  a  better  impedance  matching  could  be  achieved  by  a  proper 
design  of  the  terminator  transmission  line.  However,  the  transmission  line  length  and  impedance 
have  to  be  optimized  in  order  to  get  benefit  on  the  TW-EAM  bandwidth.  More  than  10  GHz 
bandwidth  improvement  can  be  obtained  with  the  effect  of  terminator  transmission  line,  as  is 
illustrated  in  Figure  4.  We  have  also  performed  a  trade-off  analysis  of  the  different  device  and 
material  parameters. 

The  device  fabrication  proceeds  in  the  conventional  manner.  Previously  we  used  dry 
etching  (RIBE  or  RIE)  that  created  significant  waveguide  sidewall  roughness.  Presently  we  use 
wet  chemical  etching.  However,  chemical  etching  usually  produces  trapezoidal  etching  profile, 
which  increases  the  device  capacitance.  With  judiciously  chosen  etchant  and  etching  conditions, 
we  have  successfully  obtained  a  quasi-rectangular  waveguide  cross-section. 

In  the  lithographic  step  that  connects  the  metal  on  top  of  the  waveguide  to  the  bottom 
electrode  on  the  semi-insulating  substrate,  extra  caution  should  be  exercised,  as  there  are  several 
micrometers  difference  in  height  between  them.  We  have  presently  overcome  this  difficulty 
through  the  use  of  multiple  lithography  and  specially  designed  masks. 

We  have  just  completed  the  fabrication  of  a  traveling  wave  EAM  based  upon  Franz- 
Keldysh  materials.  Preliminary  evaluation  of  the  transfer  curve  characteristics  shows  that  the 
material  structure  is  within  the  specification  of  the  design.  Further  microwave  evaluation  will 
follow  shortly. 
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2,  Performance  analysis  of  the  EAM  as  an  optoelectronic  mixer  for  frequency 

conversion 

In  a  prior  work  [7],  we  had  proposed  and  demonstrated  an  alternate  RF  signal  conversion 
approach  using  an  electroabsorption  (EA)  waveguide  as  a  photodetector/mixer.  In  that  approach, 
frequency  converted  electrical  RF  signals  from  the  EA  waveguide,  operating  as  an 
optoelectronic  mixer  (OEM),  was  generated  and  made  available  for  subsequent  signal 
processing.  The  down-converted  RF  signal  can  be  sent  through  conventional  electrical  cable  that 
has  low  attenuation  at  baseband/IF  frequency.  We  have  demonstrated  a  moderate  conversion 
loss  and  high  SFDR,  RF  signal  mixing  using  moderate  optical  LO  power  and  a  simple  system 
configuration  [7]. 

In  this  program,  we  compare  the  performance  of  the  multiple-quantum-well  (MQW)  and 
Franz-Keldysh  effect  (FKE)  EA-OEM  in  this  conversion  scheme. 

In  EA  waveguides,  the  electroabsorption  process  generates  an  electric-field  dependent 
photocurrent,  {V,  )  =  n,„  iy)Pop.  *  where  is  the  optical  power  and  tj^V)  is  the 

modulator’s  detection  responsivity.  is  dependent  on  the  applied  bias  (therefore,  the  electric 
field),  and  is  independent  of  optical  power  provided  that  the  device  is  operated  below  saturation. 
When  a  DC  optical  power,  P^,  and  modulation  optical  power,  p  at  are  incident  on  an  EA 
waveguide  driven  by  a  DC  bias  voltage,  V^,  along  with  a  RF  signal  voltage,  v  at  O)^,  the 
photocurrent  generated  at  the  device  is  given  by: 

Ip„(y>Pop.)  =  nJVb  +vcosty,0-(Po  +  pcos£y,oO  (1) 

The  up-and  down-converted  signals  at  co^  ±  are  obtained  from  a  small  signal 
analysis  of  T],„(y^  +vcoso)j)  as: 


j  mix 
tph 


1  dV,„ 

2  dV 


vpcos(ty^  ±C0lo)^ 

Vb 


(2) 


The  higher  order  derivatives  of  7/„,  contribute  to  the  harmonic  and  intermodulation  distortions  of 
this  OEM.  Note  from  d7„/dVl^,  in  (2)  that  the  electroabsorption  is  crucial  in  generating  the 
mixed  signals.  This  distinguishes  the  electro-absorption  mode  of  the  EA-OEM  from  the  usual 
pin  photodetection  where  the  responsivity  is  constant  with  voltage. 

We  first  compare  the  current  that  gives  the  mixed  signals  detected  by  the  remote  detector, 
when  the  EAM  is  used  as  a  modulator,  to  the  integrated  mixer  photocurrent.  The  remote 
detector  photocurrent  can  be  expressed  as  =  iJ^Popd g-TiV)  where  7]^  is  the  responsivity  of 

the  remote  detector,  t^is  the  transmission  factor  of  the  EAM,  and  TiV)  is  the  transfer  function  of 
the  EAM  normalized  to  the  incident  optical  power.  The  corresponding  photocurrent  that  gives 

the  mixing  of  ty,  and  is: 


mix 

trans 


1  ^ 


Vb 


VpCOS{CO^  ±  (OuD)t 


(3) 
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From  /"f  with  ,  the  RF  power  of  the  converted  signals  can  be  obtained,  assuming  a 

50-Q  load  resistor.  The  ratio  of  powers  of  the  frequency-converted  signals  in  these  two  cases 
can  be  expressed  in  dB  as: 


Ratio  =  IQLog 

\ 


j  mix 
[ph 


J 


( 

—  'l^Log 

\ 


dIJdV  ^ 


(4) 


Here  7^,^  and  /^are  the  photocurrent  detected  at  the  EA-OEM  and  the  remote  detector, 
respectively,  and  the  derivatives  are  evaluated  at  the  modulator  bias, 

In  the  experiment,  AR  coated  strain-compensated  InAsP/GalnP  MQW  EA  waveguide  that 
utilizes  the  quantum-confined  Stark  effect  [8]  and  an  InGaAsP/InP  waveguide  [9]  that  used  the 
Franz-Keldysh  effect  were  compared.  The  MQW  sample  has  8  periods  of  8.9-nni  thick 
compressively-strained  InAsP  wells  and  7.4-nm  thick  tensile-strained  GalnP  barriers, 
sandwiched  by  InGaAsP  cladding  layers.  At  X  =  1.319  lim,  the  transmission  (as  detected  by  a 
remote  detector  with  0.89- AAV  responsivity)  and  photocurrent  characteristics  vs.  DC  bias  of  the 
two  devices  are  shown  in  Fig.  5a  and  Fig  5b. 


Fig.  5. Transmission  and  absorption  characteristics  of  (a)  the  MQW  (at  10  mW),  (b)  bulk  InGaAsP 
waveguides  (at  1  mW). 

The  normalized  slope  efficiencies  are  -1.1  V'and  -0.18  V,  respectively,  for  these 
transmission  curves.  The  fiber-to-fiber  insertion  loss  of  the  waveguides  are  8.0  dB  and  11  dB, 
respectively. 

The  RF-frequency-mixing  setup  is  shown  in  Fig.  6  with  two  Nd:YAG  lasers  generating  a 
beat  tone  at  a  100-%  modulation  depth,  which  was  used  as  an  optical  LO  signal  to  the  EA 
waveguide.  Electrical  voltage  that  contained  the  DC  bias  as  well  as  the  RF  signal  at  co^  was 
applied  to  the  EA-OEM  under  test. 
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Photocurrent  at  EA  waveguide  (^A) 


Fig.  6.  Experimental  set-up  for  the  mixing  experiment  using  the  EA  waveguide. 

The  DC  bias  was  first  set  at  the  second  order  null  point  of  the  transmission  curve,  which 
corresponds  to  the  highest  slope  efficiency  of  the  photocurrent  vs.  DC  bias  curve.  When  the  ^ 
signal  power  was  increased  from  -20  dBm  to  -10  dBm,  the  converted  signal  powers  increased 
by  10  dB.  They  closely  follow  the  behavior  predicted  by  (2).  The  MQW  EA  waveguide  became 

saturated  around  lO-mW  of  LO  optical  power. 

Defining  the  conversion  loss  as  the  ratio  of  the  input  RF  signal  power  to  the  output 
frequency  converted  signal  power,  the  conversion  loss  for  the  case  when  the  MQW  EA-OEM 
was  used  as  a  photodetector/mixer  is  measured  at  18.9  dB.  This  conversion  loss  is  mam  y 
limited  by  LO  optical  power  (10  mW)  and  the  saturation  power  of  the  MQW  waveguide.  When 
this  MQW  EA  waveguide  was  used  as  a  modulator/mixer  and  the  converted  signals  were 
transmitted  through  the  optical  fiber,  the  conversion  loss  was  increased  to  27.8  dB.  The  increase 
in  conversion  loss  is  mainly  due  to  the  fact  that  the  responsivity  of  the  remote  detector, at  the 
end  of  the  fiber  link  combined  with  the  EA  waveguide  insertion  loss,  was  much  smaller  than 

that  of  the  EA  waveguide.  ,  ,  aa  m  /-u. 

Two-tone  SFDR  measurement  was  carried  out  with  the  RF  tones  at  1.00  and  1.02  GHz 

and  the  optical  LO  tone  at  0.90  GHz.  The  converted  signals  and  the  their  third-order 
intermodulation  distortions  (IMD3’s)  were  measured.  (Due  to  the  bandwidth  limitation  of  the 
circulator,  only  the  up-converted  signals  were  measured.)  When  the  MQW  EA  waveguide  was 
biased  at  the  highest  slope  point  of  the  device  photocurrent  vs.  DC  bias  curve  (second-order  imll 
point)  a  SFDR  of  102.4  dB-Hz^  was  obtained  at  10-mW  optical  LO  power  for  the  up-converted 
signal’at  1.90  GHz.  When  the  MQW  EA-OEM  was  biased  at  the  third-order  null  point  of  the 
device  photocurrent  vs.  DC  bias  curve,  the  up-converted  RF  signal  power  was  reduced  by  ~3  dB, 
but  the  sub-octave  SFDR  was  measured  at  120.0  dB-Hz"’  with  the  fifth-order  dependence  on  the 
input  RF  power.  At  the  third-order  null  point,  the  IMD,  due  to  the  third-order  input  power 
dependence  becomes  null,  making  the  IMD3  depending  on  the  next  order,  which  is  the  fifth 

order 

For  the  InGaAsP  FKE  EA-OEM,  a  larger  RF  conversion  loss  (29.2  dB)  was  measured  at 
the  same  LO  optical  power  of  10  mW,  mainly  due  to  the  smaller  slope  efficiency  of  the  Fm 
However,  the  single-octave  SFDR’s  of  this  photodetector/mixer  are  within  4  dB  of  those  of  the 
above  MQW  device,  primarily  due  to  the  lower  degree  of  saturation  of  the  FKE  device  at  lU 
mW.  These  results  are  summarized  in  Table  1. 
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Device 

Conversion  loss  (dB) 

SFDR 

InAsP/GalnP 

18.9  (2"*' order  null) 

102  dB-Hz"'’ 

MOW 

21.9  (S""  order  null) 

120  dB-Hz"' 

Bulk 

29.2  (2“’  order  null) 

98  dB-Hz"^ 

InGaAsP 

33.2  (3""  order  null) 

117dB-Hz"“ 

Table  1.  EA-OEMs  at  10  mW  optical  LO  power. 
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Fig.  7a.  Absolute  phase  noise  of  the  RF  source  driving  the  MZM  (optical  LO  generator),  b.  Residual 
phase  noise  characteristic  of  the  EA-OEM  up-converted  signal  at  1.4  GHz 


We  have  also  measured  the  phase  noise  characteristics  of  the  converted  signals.  In  the 
measurement,  the  optical  LO  (Fig.  7a)  is  generated  via  external  modulation  of  a  high  power  laser 
using  a  lithium  niobate  MZM,  Fig.  7b  shows  the  residual  phase  noise  spectrum  of  the  up- 
converted  using  a  400  MHz  optical  LO  signal. 

In  this  program,  we  have  demonstrated  that  the  EA  waveguide  can  be  utilized  as  an  OEM 
that  possesses  low  phase  noise,  large  SFDR  conversion  properties.  The  conversion  loss  and 
SFDR  are  both  dependent  on  the  slope  efficiency  and  saturation  power  level.  At  10-mW  LO 
power,  a  sub-octave  SFDR  of  120.0  dB-Hz'*'"  was  achieved  with  the  MQW  EA-OEM. 


3.  Analysis  of  the  Multi-Electrode  Linearized  EA  modulator 

In  this  project,  we  conceived  a  new  linearized  design  of  EAM  by  using  two  or  more 
electrodes  fabricated  in  tandem.  Fig.  8  shows  the  two-electrode  case.  Different  biases  are 
applied  on  the  two  electrodes.  By  properly  choosing  the  biases  and  the  electrode  lengths,  certain 
orders  of  non-linearity  can  cancel  each  other.  Thus  the  SFDR  of  the  RF  optical  fiber  link  can  be 
increased.  Theoretical  analysis  and  simulation  results  of  two  electrodes  in  tandem  carried  out. 
The  linearization  technique  involved  here  can  also  apply  to  two  dissimilar  modulators  in  tandem. 
Experimentally,  we  have  demonstrated  the  distortion  cancellation  effect  using  one  EA  modulator 
and  one  Mach-Zehnder  in  series.  Cancellation  of  harmonics  is  obtained  by  changing  the  biases 
of  these  two  modulators. 
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Fig.  8.  Structure  of  two-electrode  Modulator. 


The  transmission 


function  of  the  one-electrode  EA  modulator  is  modeled  as. 


T  =  e 


-VaL 


(5) 


Here  Fis  the  optical  confinement  factor  of  the  absorption  layer,  a  is  the  optical  absorption 
coefficient  of  the  absorption  layer,  L  is  the  optical  waveguide  length.  And  «  =  a,  +  Aa ,  where 
a,  is  absorption  coefficient  at  DC  bias  ^a  is  the  change  of  a  in  the  material  due  to  the  RF 

voltage  V^p.. 

In  the  two-electrode  scheme,  we  break  the  electrode  L  into  two  sections.  It  is  equivalent  to  two 
electroabsorption  modulators  under  different  DC  bias  connected  in  series.  The  same  is 
applied  to  both  electrodes.  The  total  transmission  function  is  the  product  of  the  two  transmission 

functions. 

T  =  (6) 

Here,  a^=a  Aa, ,  is  the  absorption  coefficient  at  DC  bias  V„  .ctz  =  is 

the  absorption  coefficient  at  DC  bias  V,, ,  L,  is  the  length  of  the  first  electrode  biased  at  ,  L,  is 
the  length  of  the  second  electrode  biased  at  ,  L  =  L,  L^. 

Taylor  expanding  Eq.  (5)  at  the  DC  bias  points  V„  and  V,,,  we  get 


,  1 
where,  =  — 
k\ 


f 


dT 

ay' 


is  the  coefficient  of  the  sin  oyt  to  the  k  power. 


W=v.,v, 


frl/62 
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From  equation  (6),  we  obtain  the  following  results  when  h^  =0. 


,  d^a,,  ,  oa,  I  ^^2 1 

+  ^2-0pi"|w,2  -  Hi-I  |i/M+^2  3,,  |vi,2^ 


Bor, 


da^ 


and 


+Li!^|  =r(L^ 

I  +  ^2  :i,,2  l''*2  *  ti-l 


3^2  I*'. 

d^a 


"  dV^ 

a'a, 


av 


+  L  ^1  )  = 

Vbl  ^  ^2  gy  I  Vi  2  / 


I  I  r  ^'“2  I  £^I  +  I 

Mvh  +  ^2-^|v^2  =2r  (L,— |,„  +  L, 


av' 


when  hj=0  and  h3=0. 

In  order  to  illustrate  the  analysis  given  above,  we  consider  first  the  simplest  case  L  =Lj=L/2  We 
show  that  the  simulated  SFDR  of  the  link  with  a  two-electrode  modulator  is  significantly  larger 
than  that  of  the  one-electrode  case,  (sincot)'*  and  (sinmt)'  contributions  to  the  fundamental,  2"“ 
harmonic  and  3'“  harmonic  are  included.  Other  higher  order  contributions  are  neglected.  For 
modulator  using  Franz-Keldysh  effect,  we  obtained  a  10  dB  improvement  of  the  multi-octave 
SFDR,  as  summarized  in  Table  2 


DC  bias 

SFDR 

Jh _ 

Two-electrode 

V„=1.412V 

V,=0.910V 

104.2dBc 

-0.33 

One-Electrode 

V,=1.161V 

(2"‘‘  order  null  point) 

95.0dBc 

-0.34 

Table  2 


Using  published  data  for  the  MQW  transfer  curve  [7],  we  obtained  similar  improvement,  as 
shown  in  Table  3. 


DC  bias 

SFDR 

Jl _ 

Two-electrode 

V,=0.82V 

V.,=0.49V 

102.4dBc 

-1.11 

One-Electrode 

V=0.72V 

(2"'“  order  null  point) 

93.3dBc 

-1.17 

Table  3 
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Similar  simulations  have  been  performed  for  two-electrode  modulators  with  unequal  lengths 
(L  ).  We  can  improve  the  SFDR  even  more  by  adjusting  L,  and  L,.  However  the  increase  in 
h,  and  h,  will  limit  the  SFDR  improvement.  Comparing  with  the  results  obtained  for  the  equal 
length  case,  the  difference  is  minor,  just  about  3~4  dBc. 

We  have  done  preliminary  experimental  analysis,  the  data  collected  from  MZM  and  EAM  in 
tandem  show  a  decrease  of  12dB  in  3'^  order  harmonic  with  almost  no  change  in  2  harmonic 
and  only  L5dB  penalty  in  reduction  of  fundamental  signal. 
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Abstract:  An  integrated  photodetector/mixer  for  frequency  conversion  of  RF 
signals  is  demonstrated  utilising  the  electric-field-controlled  absorption  in  an 
electroabsorption  (EA)  waveguide.  Applying  this  approach  to  an  InAsP/GalnP  multiple- 
quantum- well  EA  waveguide,  a  conversion  loss  of  18.4  dB  was  obtained  at  10-mW 
optical  local  oscillator  power,  and  a  sub-octave,  two-tone  spur-free  dynamic  range  of 
120.0  dB-Hz*^*  was  measured  for  an  up-converted  signal  at  1.9  GHz. 


Summary:  Microwave  photonics  is  considered  to  be  a  viable  alternative 
technology  in  application  areas  where  electronics  has  traditionally  played  a  central  role. 
Frequency  converting  photonic  links  for  antenna  remoting  applications  is  a  good  example 
of  this  where  antenna  front-end  hardware  complexity  may  be  minimized  and  the 
deleterious  effects  of  fiber  dispersion  may  be  avoided  [1,2].  Many  of  the  conversion 
schemes  take  advantage  of  the  optical  local  oscillator  (LO),  which  is  less  complex  than  the 
electronic  LO  at  high  frequency,  and  has  shown  lower  phase  noise  [3].  There  have  been 
several  proposals  to  achieve  low  conversion  loss  and  large  spur-free  dynamic  range 
(SFDR)  for  photonic  frequency  converting  links  [4-6].  One  approach  makes  use  of  Mach- 
Zehnder  modulators  at  very  high  optical  LO  power  (350  m'^  to  achieve  positive  link 
conversion  gain  (defined  as  the  ratio  of  the  output  converted  RF  power  to  foe  input  RF 
power)  [5,6].  An  alternative  approach  uses  either  a  heterojunction  phototransistor  or 
heterojunction  bipolar  transistor  (HBT)  to  convert  the  modulated  optical  radiation  to  foe 
RF  signal,  by  using  the  inherent  nonlinearity  of  the  device  [7-9].  In  [8],  a  10.4-dB  intrinsic 
conversion  gain  (-5.5  dB  external  conversion  gain)  was  achieved  using  an  electrical  LO.  In 
[9],  two  HBT’s  in  a  cascode  configuration  were  used  to  achieve  an  intrinsic  conversion 
gain  of  1 8.2  dB  and  an  extrinsic  conversion  gain  of  7.4  dB  with  a  three-stub  tuner. 

In  this  work,  a  new  RF  signal  conversion  approach  is  proposed  and  demonstrated 
using  an  electroabsorption  (EA)  waveguide  as  a  photodetector/mixer.  Unlike  previous 


14 


Submitted  to  PSAA-10 
Monterey,  2000 


approaches  [1, 2,4-6],  frequency  converted  electrical  RF  signals  from  the  EA  waveguide, 
operating  as  an  optoelectronic  mixer  (OEM),  are  generated  and  made  available  for 
subsequent  signal  processing.  This  converted  RF  signal  can  be  sent  through  conventional 
electrical  cable  that  has  low  attenuation  at  baseband/IF  frequency.  This  avoids  using  high 
LO  power  to  compensate  the  fiber  RF  link  loss.  We  have  demonstrated  a  moderate 
conversion  loss  and  high  SFDR  RF  signal  mixing  using  moderate  optical  LO  power  and  a 
simple  system  configuration. 

When  optical  power  is  incident  on  EA  waveguides,  the  electroabsorption  process 
generates  an  electric-field-dependent  photocurrent,  Iph,  ejq)ressed  as 
IA^,Pop,)  =  Tjn,(.nPcp„  Where  Popt  is  the  optical  power  and  7«(F)  is  the  modulator’s 

detection  responsivity.  As  depicted  in  Fig.  1,  i/m  is  dependent  on  the  applied  bias 
(therefore,  the  electric  field),  and  is  independent  of  optical  power  provided  that  the  device 
is  operated  below  saturation.  When  a  DC  optical  power,  Po,  and  modulated  optical  power, 
p  at  Gio,  are  incident  on  an  EA  waveguide  driven  by  a  DC  bias  voltage,  Vb,  along  with  a 
RF  signal  vohage,  v  at  ci,  the  device  photocurrent  is  given  by: 

IphQ'^Pcpt)  =  VmiK  +VCOSG>,r)-(Po  +pCOSO)u,t)  .  (1) 

Using  a  small  signal  analysis  of  -t-vcos®^/),  the  up-and  down-converted  signals  at 


±  are  obt^ed  as: 

ypcos(®, 


rmix  _  1 

^  2  dV 


(2) 


Vb 


where 


dV 


is  the  first-order  derivative  evaluated  at  the  DC  bias  voltage.  The  Wgher 


Vh 


order  derivatives  of  rjm  vdll  contribute  to  the  harmonic  and  intermodulation  distortions  of 


this  OEM.  Note  from 


dV 


in  (2)  that  the  electro-absorption  is  crucial  in  generating 


n 


mixed  signals.  This  distinguishes  the  EA  waveguides  in  the  detector  mode  [10]  from  the 
usual  pin  photodetector  that  is  biased  to  give  a  constant  responsivity  with  voltage. 

In  this  work,  we  compare  the  current  that  gives  the  mixed  signals  detected  by  the 
remote  detector,  when  the  EAM  is  used  as  a  modulator.  The  current  detected  by  the 
remote  detector  can  be  expressed  as  =  f?dPoptfffPi^)>  where  Tjd  is  the  responsivity  of 

the  remote  detector,  tg-  is  the  transmission  &ctor  of  the  EAM,  and  T{V)  is  the  transfer 
fimction  of  the  EAM  normalized  to  the  incident  optical  power.  The  corresponding 
photocurrent  that  gives  the  mixing  of  ©$  and  ©to  is: 

^  vpcos{a),±a>i^)t.  (3) 

\Vb 

, ,  the  RF  power  of  the  converted  signals  can  be  calculated, 

assuming  50-Q  load  resistor  dissipating  the  RF  power.  The  ratio  of  powers  of  the 
frequency  conversion  signals  in  these  two  cases  can  be  calculated  in  dB  as: 


jmix  ^  f 

^trans  ff  jy 


From  /j  with 


Ratio  =  2QLog\ 


/  jmix  \ 

jmix 
trans  J 


(4) 
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which  can  be  expressed  with  DC  transfer  curve  parameters  as  follows: 
Ratio  =  20Z,ogf 


(dI,JdV^ 
dL  IdV 


(5) 


Here  Iph  and  Id  are  the  DC  photocurrent  detected  at  the  EAM  and  remote  detector, 
respectively,  and  the  derivatives  are  evaluated  at  the  operating  bias,  Vb. 


Fig.  1.  Transmission  (photocurrent  at  remote  detector)  and  absorption  (photocurrent  at 
modulator)  characteristics  of  the  MQW  EA  waveguide  used.  Optical  power  of  10 
mW  at  1.319  pm  is  used. 

In  the  experiments,  an  anti-reflection  coated  strain-compensated  InAsP/GalnP 
multiple-quantum-well  (MQW)  EA  waveguide  that  utilizes  the  quantum-confined  Stark 
effect  (QCSE)  was  used  [11].  The  undoped  electroabsorption  layer  was  con^osed  of  8 
periods  of  8.9-nm  thick  compressively-strained  InAsP  wells  and  7.4-nm  thick  tensile- 
strained  GalnP  barriers,  sandwiched  by  InGaAsP  cladding  layers.  At  an  optical  power  of 
10  mW  (X  =  1.319  pm),  the  transmission  (as  detected  by  a  remote  detector  with  0.89- 
A/W  responsivity)  and  device  photocurrent  characteristics  vs.  DC  bias  of  this  EA 
waveguide  are  shown  in  Fig.  1.  The  normalized  slope  efiBciency  is  -1.1  V’  for  the 
transmission  curve.  The  fiber-to-fiber  insertion  loss  of  this  waveguide  as  a  modulator  was 
estimated  to  be  8.0  dB.  The  electrical  3-dB  bandwidth  of  this  device  was  separately 
measured  to  be  4.8  GHz  without  using  a  50-fi  matching  resistor.  The  length  of  this 
waveguide  device  was  185  pm. 
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Fig.  2,  Experimental  set-up  for  the  mixing  experiment  using  the  EA  waveguide. 

The  RF  frequency  mixing  experiment  was  set  up  as  shown  in  Fig.  2.  Two  Nd:YAG 
lasers  were  set  up  to  generate  a  beat  tone  at  900  MHz  with  100-%  modulation  depth, 
which  was  used  as  an  optical  LO  signal  to  the  EA  waveguide  OEM.  Electrical  voltage  that 
contained  the  DC  bias  as  well  as  the  RF  signal  at  cOs  =  1.0  GHz  was  applied  to  the  device. 
The  DC  bias  used  was  -0.75  V,  which  corresponds  to  the  highest  slope  efiBciency  of  the 
photocurrent  vs.  DC  bias  curve.  A  RF  circulator  (bandwidth  1~2  GHz)  was  inserted 
between  the  device  under  test  and  the  RF  spectrum  analyzer  to  measure  the  RF  power 
generated  at  the  device. 

Fig.  3  (a)  summarizes  the  measured  RF  signals  from  the  EA  waveguide.  The 
optical  LO  power  incident  on  the  EA  waveguide  was  10  mW,  and  the  input  RF  power  was 
-20  dBm.  The  LO  was  observed  at  900  MHz,  and  the  signal  at  1.0  GHz.  Up-converted 
signal  power  detected  at  1.9  GHz  was  -38.9  dBm  after  calibration  of  the  microwave  loss 
due  to  the  cables.  In  Fig.  3,  other  RF  signals  are  also  evident,  e.g.,  second  harmonics  of 
the  LO  at  1.8  GHz;  down-converted  signal  at  0.1  GHz;  third-order  intermodulation 
distortions  (IMD3)  of  the  LO  and  the  RF  signal  at  0.8  GHz,  etc.  The  up-  and  down- 
converted  signals  appear  to  have  different  RF  power,  caused  by  the  bandwidth  limitation 
of  the  circulator.  When  the  RF  signal  power  was  increased  to  -10  dBm,  the  converted 
signal  powers  increased  by  10  dB.  They  closely  follow  the  behavior  predicted  by  (2).  It 
was  also  found  that  the  device  became  saturated  around  10-mW  LO  optical  power. 
Compared  with  the  measurement  at  low  optical  power  (1  mW),  the  RF  link  gain 
comprised  of  this  EA  waveguide  as  an  external  modulator  was  compressed  by  4  dB  at  10 
mW. 
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Fig.  3.  Measured  RF  spectrum  (a)  at  the  EA  waveguide,  (b)  at  the  remote  detector. 
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Fig.  3  (b)  shows  the  RF  power  transmitted  through  the  fiber  and  detected  by  the 
remote  detector.  It  has  a  similar  RF  spectrum  as  Fig.  3  (a),  but  due  to  the  link  loss,  the 
original  signal  power  at  (Os  is  attenuated  (link  loss  =  21  dB).  Up-converted  signals  are  now 
measured  to  be  -48.8  dBm.  (After  microwave-loss  calibration,  the  power  becomes  -47.8 
dBm.)  Up-  and  down-converted  signals  are  observed  to  have  the  same  power.  When  we 
measure  the  mixing  using  an  increased  signal  power  -10  dBm  firom  -20  dBm,  the 
converted  signal  powers  increase  by  10  dB,  which  closely  follows  the  behavior  predicted 
by  (3). 

Defining  the  conversion  loss  as  the  ratio  of  the  input  RF  signal  power  to  the  output 
converted  signal  power,  the  conversion  loss  for  the  case  when  the  EA  waveguide  was 
used  as  a  photodetector/mker  is  found  to  be  18.9  dB.  The  conversion  loss  obtained  above 
is  mainly  limited  by  LO  optical  power  and  the  saturation  power  of  the  EA  waveguide 
used.  It  could  be  improved  by  using  an  EA  waveguide  with  higher  saturation.  Increasing 
the  LO  power  can  increase  the  converted  RF  power,  as  shown  in  (2).  Decreasing  the 
coupling  loss  firom  the  fiber  to  the  EA  waveguide  is  another  approach,  which  also 
increases  rfm.  When  this  EA  waveguide  was  used  as  a  modulator/mixer  and  the  converted 
signals  were  transmitted  through  the  optical  fiber  as  in  [4-6],  the  conversion  loss  was 
increased  to  27.8  dB.  The  increase  in  conversion  loss  (8.9  dB)  is  mainly  due  to  the  feet 
that  the  responsivity  of  the  remote  detector,  Tjd  at  the  end  of  the  fiber  link  combined  with 
the  E  A  waveguide  insertion  loss,  /^,  was  much  smaller  than  that  of  the  EA  waveguide,  7^, 
i.e.,  tffTjj  <7„. 


Input  RF  Power  (dBm) 

Fig.  4.  Two-tone  test  of  the  MQW  EA  photodetector/RF  mixer.  Converted  RF  signals  (■: 
for  highest  slope  point,  □:  for  third-order  null  point)  and  the  IMDs’s  (•:  for  highest 
slope  point,  O:  third-order  null  point)  are  shown.  Noise  floors  (dotted  lines)  were 
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dominated  by  the  shot  noise  and  given  by  -160  dBm/Hz  and  -163  dBm/Hz  for  the 

highest  slope  point  and  the  third-order  null  point,  respectively 

The  two-tone  SFDR  of  the  EA  waveguide  photodetector/RF  mixer  was  also 
measured,  as  shown  in  Fig.  4.  With  two  RF  tones  at  1.00  and  1.02  GHz  and  the  optical 
LO  tone  at  0.90  GHz,  the  converted  signals  and  the  their  IMDa’s  were  measured.  (Due  to 
the  bandwidth  limitation  of  the  circulator,  only  the  up-converted  signals  were  measured.) 
When  the  EA  waveguide  was  biased  at  the  highest  slope  point  of  the  device  photocurrent 
vs.  DC  bias  curve  (second-order  null  point),  a  SFDR  of  102.4  dB-Hz  was  obtained  at 
10-mW  optical  LO  power  for  the  up-converted  signal  at  1.90  GHz.  The  noise  floor  was 
dominated  by  the  shot  noise  due  to  the  dewe  photocurrent.  When  the  EA  waveguide  was 
biased  at  the  third-order  null  point  of  the  device  photocurrent  vs.  DC  bias  curve  (0.44  V), 
the  up-converted  RF  signal  power  was  reduced  by  ~3  dB,  but  the  suboctave  SFDR  was 
measured  at  120.0  dB-Hz^'^  with  the  fifth-order  dependence  on  the  input  RF  power.  At 
the  third-order  nuU  point,  the  IMD3  due  to  the  third-order  input  power  dependence 
becomes  null,  making  the  IMD3  depending  on  the  next  order,  which  is  the  fifth  order 
[4,12].  To  the  authors’  knowledge,  this  result  is  among  the  best  SFDR  ever  reported  in 
the  semiconductor-based  approach,  and  compares  favorably  with  the  best  SFDR  in  the 
other  approach  [6],  considering  the  optical  LO  power  used, 

A  bulk  InGaAsP-InP  EA  waveguide  [13]  that  uses  the  Fr^-Keldysh  effect  was 
also  tested  for  RF  signal  conversion.  The  transmission  characteristic  of  the  Franz-Keldysh 
EA  device  is  shown  in  Fig.  5.  Larger  RF  conversion  loss  (29.2  dB)  was  measured  when 
this  EA  waveguide  was  used  as  a  photodetector/mixer  at  the  same  LO  optical  power  of  10 
mW,  than  those  obtained  with  MQW  waveguides.  This  result  is  mainly  due  to  the  smaller 
slope  efficiency  (0.18  V*)  of  the  bulk  EA  waveguide  and  demonstrates  the  importance  of 
the  slope  efficiency  of  the  EA  waveguide  when  it  is  utilized  as  a  photodetector/mixer. 


Fig.  5.  Transmission  (photocurrent  at  remote  detector)  and  absorption  (photocurrent  at 
modulator)  characteristics  of  the  Franz-Keldysh  EA  waveguide  for  an  optical 
power  of  1  mW  at  1.319  pm.  Fiber-to-fiber  insertion  loss  was  10.7  dB. 
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In  conclusion,  we  have  demonstrated  that  the  MQW  EA  waveguide  can  be  utilized 
as  an  OEM  that  combines  both  functions  of  a  photodetector  and  an  electronic  mixer. 
Conversion  loss  and  dynamic  range  have  been  measured  for  this  OEM  device.  At  10-mW 
LO  power,  a  sub-octave  SFDR  of  120.0  dB-Hz^^*  was  measured.  It  has  been  pointed  out 
that  the  slope  efiSciency  of  the  EA  waveguide  is  extremely  important  in  determining 
conversion  gain.  Currently  18.9  dB  conversion  loss  has  been  obtained  and  this  result  can 
be  reduced  with  higher  optical  power.  This  scheme  can  be  useful  in  antenna  applications 
where  optical  LO  signal  distribution  is  used  for  frequency  converting  microwave  signals. 
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ABSTRACT 

A  new  approach  for  linearizing  electroabsorption  modulators  (EAM)  is  presented  here.  It  wll 

maZ  STfrequen^  fiber  optic  links.  In  this  approach,  two  or  more  EAM  will  be  febncated  m  sen«  cm  Ae 

J».lysis'3how,  tt,.l  c^^oelWion  of  bch  a,o  ordo-  mi  T  m 

rtdatad  simolloneoosly  by  using  propor  electrode  length  ,L  L  s™rfth^mM  IM 

enhancement  of  the  multi-octave  spurious  free  dynamic  range  (SFDR).  Simulation  shows  that  the  SFDR  of  the  o  imK 
to  1=  is  lOdB  large,  d««  to,  to  a  single  electorde  case.  Expertaento  confirm«.«,  of  to  dtouettcal 

prediction  on  distortion  reduction  is  also  presented. 

Keywords:  Electroabsorption  modulator.  Harmonic  distortion.  Spurious  free  dynamic  range. 


1.  E*iTR0DUCT10N 

Trtmaoissioo  of  nttoorrave  and  miltoeter-wave  signal  vis  ttolog  SbcHtptical  lloks 

remoting  and  RF  distribution  systems.  It  has  a  number  of  advantages  ovct  ^ventional  mlc^o^»^e 

SSSion  loss  at  high  frequencies,  compactness,  wide-bandwidth,  high  degree  of  «curity,  immmity  to 

electrmnagnetic  interferenS  etc.  For  such  RF  photonic  links,  EA  modulator  will  play  a  key  role  -n,e 

SZne  sSTarge  bandwidd,.  However.  ,ow-h.na«,ie  disloHioo  is  required  ,o  order  lo  otein  large  SFDR.  The 

harmonic  distortion  of  EAM  must  be  minimized. 

Recent  work  for  linearization  of  modulators  includes  electrical  prcKlistortion  [1]  &  [2],  dual  wavelength  [3]  w  othw  optical 
SmSSridimiS  [4]-[6].  It  is  difficult  to  extend  electrical  pre-distortion  scheme  to  h.gh  miam^ve 
frequencies.  Dual  SSlelength  scheme  requires  additional  optical  components  and  wide  optical  wavelength  span  for  the  i  . 
The  feed- forward  cewnpensation  approaches  are  hard  to  implement  for  EAM. 

In  fhi-i  naner  we  nroDose  a  new  linearized  design  of  EAM  by  using  two  or  more  electrodes  febricated  in  tmdem.  Fig.l 
llutUtS  the  twcveleS^ode  case.  Different  biases  are  applied  on  the  two  electrodes.  By 

eSSlenX^rtain  orders  of  non-linearity  can  cancel  each  other.  Thus  the  SFDR  of  ffie  RF  optical  fiber  Urd^  (J"  be 
incr^.  Thwretical  analysis  and  simulation  results  of  two  electrodes  in  tandem  are  presented  in  the  following  sections. 

P-Metal 


n 


Fig.  1  Structure  of  two-clectiodc  Modulator. 
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The  linearization  technique  involved  in  this  paper  can  also  apply  to  two  dissimilar  modulators  in  tandem.  Experimentally,  we 
have  demonstrated  the  distortion  cancellation  effect  using  one  EA  modulator  and  one  Mach-Zehnder  in  series.  Cancellation 
of  harmonics  is  obtained  by  changing  the  biases  of  these  two  modulators. 


2.  THEORETICAL  ANALYSIS 

2.1.  The  transmission  function  of  the  two-electrode  EAM 

The  transmission  function  of  the  one-electrode  EA  modulator  is  modeled  as: 

T  = 

Here,  F  is  the  optical  confinement  &ctor  of  the  absorption  layer, 

a  is  the  optical  absorption  coefficient  of  the  absorption  layer, 

L  is  the  optical  waveguide  lengdi. 

And  a  =  a*  -f  Aor ,  who-e  a*  is  absorption  coefficient  at  DC  bias  Vb,  Aa  is  the  change  of  or  in  the  matwial  due  to  the 
RF  voltage  Vrf. 

In  the  two-electrode  scheme,  we  break  the  electrode  L  into  two  sections.  It  is  equivalent  to  two  electroabsorption  modulators 
under  different  DC  bias  connected  in  series.  The  same  Vrf  is  applied  to  both  electrodes.  The  total  transmission  function  is  the 
product  of  the  two  transmission  functions. 

r  =  (1) 

Here,  a^  =  a  Aa^,  a*,  is  the  absorption  coefficient  at  DC  bias  Vbi. 

02=  a  1,2+  Aa2,  a  1,2  is  the  absorption  coefficient  at  DC  bias  Vb2, 

L|  is  the  length  of  the  first  electrode  biased  at  Vbi, 

Lz  is  the  length  of  the  second  electrode  biased  at  Vbz 
L  =  L,  +  U 


2.2.  Harmonic  distortions  of  the  two-electrode  modulator 

If  Taylor  expansion  is  applied  to  the  transmission  function  in  Eq.  (1)  at  the  DC  bias  points  Vbi  and  Vbz, 
WegetT= 


Here,  h  = 


k 


(2) 


dV^ 


.  It’s  the  coefficient  of  the  sinflJf  to  the  k*  power,  (sin  to/)*  yields  sinkmt,  i.e.  the  kth 


harmcmic,  and  other  lower  harmraiic  terms,  hk  is  not  equivalent  to  the  total  magnitude  of  the  k*  harmonic  because  higher 
order  harmonics  may  also  contribute  to  die  k*  harmonic.  But  the  higher  order  contributions  to  k*  harmonics  are  relatively 


small  comparing  with  the  contribution  of  (sin  of)* . 

From  equation  (2),  we  obtain  the  following  results: 
(1)  When 


dV 


2  \n\ 


+  L  ^  I  =rr/  ^1  +T 

^2  Qy2  \yi2  gy  \m^  ^2-^\n2) 


(3) 


h2=0. 
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(2)  When 


dV 

S3 


d  a,. 

2  \yh^  2  2  \yh2 

S3 


rU,^U, 


(4) 


/  ^^“'1  I  A  ^  ^2  1  - '>r^fz.  ^-^1  +z  I  )’ 

^1  ■^yrUl  +'^2-^^^k2  -  l>4SI  +  ^2  |W>2>' 

h2=0  and  h3=0. 

(3)  Similar  relationships  exist  for  h2=h3=h4=0  and  for  h2=h3=h4=h3=0. 


Although  there  are  four  parameters  (L,,  U,  Vbi,  Vb2),  since  Li+L2=L  there  are  only  three  parameters  that  we  can  choose 
freely.  For  example,  according  to  equation  (4),  h2=0  and  h3=0  at  the  same  time  for  the  three  properly  chosen  free  parameters. 
Amplitude  of  the  nth  harmonic  contains  contributi<»is  from  ho  and  hi  (k>n).  Complete  cancellation  of  harmonics  will  occur 
only  when  contributions  from  orders  higher  than  k  can  be  neglected.  This  approximation  breaks  down  whenever  hk  is  small. 
In  addition,  the  range  of  bias  voltages  and  electrode  lengths  for  cancellation  of  any  given  order  of  harmonic  is  vep^  narrow. 
Therefore,  in  practice  there  is  only  reduction  of  harmonics,  but  not  complete  cancellation  of  harmonics.  It  is  also  interesting 
to  note  that,  in  practical  links,  we  are  interested  mwe  in  the  third  wder  intermodulation  distcHlion  than  harmonic  distortion. 
However,  the  formula  for  intermodulation  distortitm  is  much  more  complicated  than  for  harmonic  distortion.  Therefore,  only 
the  analysis  for  harmonic  distorticm  is  presented  ho-e.  We  expect  that  there  will  be  a  corresponding  reduction  of  kth  order 
intermodulation  distortion  whenever  there  is  a  reduction  of  kth  order  harmonic  distorhon. 


2.3.  The  SFDR  of  the  link 

At  the  detector  output,  let  the  RF  signal  power  be  Pj,  the  power  of  the  2“*  harmonic  be  P2,  and  the  power  of  the  3"*  harmmiic 
be  P3.  Let  the  noise  power  be  N.  The  SFDR„  of  the  link  (due  to  the  nth  harmonic)  is  the  range  of  Pi  that  varies  from  the 
minimum  at  Pi=N  to  the  maximum  at  Pn=N.  Let  m  be  the  modulation  depth  which  is  the  ratio  of  Pi  to  the  DC  bias  optical 
power.  10  logio(N/Pi)  is  the  noise  power  expressed  in  dBc.  10  log  (P„/Pi)  is  die  nth  harmonic  power  expressed  in  dBc.  SFDR„ 
is  the  range  in  dBc,  from  0  dBc  (corresponding  to  N/Pi=l)  to  the  intersection  of  the  10  log  (N/Pj)  line  vidth  the  10  log  (P„/Pi) 
line  at  a  larger  modulation  mdex  m.  Fig.  2  illustrates  how  we  find  SFDR«.  The  SFDR«  is  different  for  different  order  of 
distortion.  Then  the  broadband  SFDR  of  the  link  is  the  smallest  one  of  all  the  SFDR„. 
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If  2"'*  and  3"*  order  harmonics  (related  to  h2  and  hs)  are  reduced,  the  power  P2  and  P3  will  reduce.  This  will  make  the 
10  logic  (P2/P1)  line  and  10  logic  (P3/P1)  line  in  Fig.  2  move  downward.  The  into-section  point  B  of  the  10  logic  (N/Pi)  line 
with  the  10  logic  (Pn/Pi)  line  will  also  move  down.  The  SFDR  is  increased. 

In  numerical  calculation,  we  see  that  as  h2  and  ha  decrease  h4  and  ha  also  increase.  The  increase  of  lu  and  hs  eventually  limits 
the  overall  SFDR  improvement. 


3.  SIMULATION  RESULTS 

In  order  to  illustrate  the  analysis  given  b  section  2,  let  us  consider  first  the  simplest  case  Li=L2=L/2,  We  will  show  that  the 
simulated  SFDR  of  the  link  with  a  two-electrode  modulator  is  significantly  larger  than  that  of  the  one-electrode  case, 
(sin  Of/  and  (sin  of)’  contributions  to  the  fundamental,  2°'*  harmonic  and  3"*  harmonic  are  included.  Other  higho-  order 
contributions  are  neglected. 

Two  types  of  EAM  are  simulated.  One  uses  the  bulk  material  which  exhibits  Franz-Keldysh  effect  (FKE),  the  other  one  uses 
Multiple  Quantum  Well  (MQW)  material. 


3.1.  For  modulator  using  Franz-Keldysh  effect 

The  absorption  coefficient  data  used  hwe  is  fi^wn  theoretical  calculation.  The  wavelength  is  1.55pm  and  the  detuning  enffgy 
is  54meV. 

The  assumptions  used  in  the  simulation  are: 

Optical  input  power  =  15dBm; 

Modulator  insertion  loss  =  10  dB; 

Optical  confinement  fector  =  0.55; 

Length  L  (for  both  modulators)  =  200  //  m; 

Detector  responsivity  =  0.75  A/W; 

Internal  resistance  of  RF  source  and  load  =  50  ohms; 

Noise  floor  =  -160dBm/Hz. 

The  SFDR  of  flie  two-electrode  modulator  (taking  into  account  of  both  2“*  and  3"*  harmonics)  is  shown  in  Fig.  3(a)  &  3(b). 
Fig.  3(b)  is  a  magnified  figure  of  Fig.  3(a)  for  the  range  1.6V>Vbi>1.2V  and  1.2V>Vb2>0.8V.  Fig  3(a)  &  3(b)  are  contour 
maps  of  SFDR  the  two  axes  are  the  DC  bias  voltages  for  two  electrodes.  The  SFDR  of  the  one-electrode  modulator  is  shown 
in  Fig.  3(c).  In  Fig.  3(c),  the  x-axis  is  the  DC  bias  voltage,  the  y-axis  is  SFDR  From  Fig.  3(b)  it  is  clear  that  the  best  DC 
biases  for  the  two-electrode  modulator  are  Vbi=1.412V,  Vb2=0.910V.  Under  these  biases,  the  2“*  and  3"*  harmonics  are  both 
very  small,  and  the  fundamental  is  reduced  only  slightly  fi-om  the  fundamental  of  the  one-electrode  case.  Tablel  is  flte 
comparison  of  two-electrode  modulator  and  one-electrode  modulator. 


Table  I 


DC  bias 

SFDR 

h, 

Two-electrode 

Vb,=1.412V 

Vb2=O.910V 

104.2dBc 

-0.33 

One-Electrode 

Vb=1.161V 
(2”'*  order  null  point) 

95.0dBc 

-0.34 
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Fig.  3  Comparison  of  SFDR  oftwo^lectrode  and  one-electrode  modulator, 
(a)  and  (b)  are  for  two-electrode  modulator;  (c)  is  for  one-electrode  modulator. 


3.2.  For  multiple  quantum  well  (MQW)  EAM 

The  absorption  coefficient  data  used  hwe  is  from  the  experimental  transmission  curve  [7].  The  active  layer  of  this  MQW 
EAM  is  InAsP-GaInP.  The  operation  wavelength  is  1.32)iin  and  detuning  energy  is  22meV. 

The  assumptions  used  in  the  simulation  are: 

Optical  power  =  lOdBm; 

Modulator  insertion  loss  =  8dB; 

Length  L  (for  both  modulators)  =  185um; 

Detector  responsivity  =  0.89A/W; 

Noise  floor  =  -160dBm/Hz. 

Table  2  shows  the  comparison  of  two-electrode  modulator  and  one-electrode  modulator.  For  the  two-electrode  modulator, 
Vbi=0.82V  &  Vb2=0.49V  are  the  best  DC  biases  for  maximizing  the  SFDR.  For  flie  one-electrode  case,  Vb=0.72V  is  the  best 
bias  point  for  maximizing  the  SFDR. 


Table  2 


DC  bias 

SFDR 

h, 

Two-electrode 

Vb,=0.82V 

Vb2=0.49V 

102.4dBc 

-1.11 

One-Electrode 

Vb=0.72V 

(2"'‘  order  null  point) 

93.3dBc 

-1.17 

From  simulation  results  shown  in  Table  1  &  2,  the  SFDR  of  the  two-electrode  modulator  for  both  FKE  and  MQW  EAM  can 
be  increased  by  about  1  OdB  as  compared  to  a  single-electrode  modulator. 
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Similar  simulacions  have  been  performed  for  two-eleetr^  modulators  with 

SFDR  even  more  by  adjusting  L,  and  U  However,  the  mcrease  m  Iw  and  h,  Wl  1“”“*'^  mtprovement.  Comparmg 
with  the  results  obtained  for  the  equal  length  case,  the  difference  is  minor,  just  about  3~4  dBc. 


4.  EXPERIMENTAL  RESULTS 

modulator  in  series  to  demonstrate  the  distortion  cancellatitm  effect. 

The  experimental  set-up  is  shown  in  Fig.4. 

The  laser  power  =  18dBm; 

Input  RF  power  for  both  the  MZM  and  the  EAM  -  8dBm; 
Input  RF  frequency  =  IGHz. 


RF  in 


RF  ir 


DC  Bias 


DC  Bias 


I  Laser^^ 


In-line 

Polarizer 

H 

M2 

modlulalto 

H 

Optical  1 
Isolator 

In-line 

Polarizer 

EA 

Modulator  " 

High-speed 
■  Photodotector 

- — 1 

T 

RF  out 


Fig.4  Measurement  set-up. 

The  measured  fundamental,  2“*  ad  3"*  harmonics  are  shown  in  table  3  for  various  combinations  of  V^,  and  V«. 

Table  3 


DC  Bias  for  MZM  Vbi 
(V) 

4.82 

4.82 

4.98 

5.04 

5.27 

5.48 

DC  Bias  for  EAM  Vb2 

m 

-1.89 

-1.41 

-1.50 

-1.50 

-1.51 

-1.50 

Fundamental  output  @lGHz 
(dBm) 

-63.20 

-64.34 

-64.1  fl 

-65.31 

-66.48 

-64.61 

2'"‘  Harmonic  @  2GHz 
(dBm) 

-83.90 

-77.50 

-78.52 

-80.52 

-84.08 

-83.47 

3™  Harmonic  @  3GHZ  1 

(dBm) 

-81.49 

-82.24 

-83.35 

-84.59 

-89.42 

-93.46 

We  see  that  the  largest  fundamental  signal  is  obtained  at  Vm=  4.82V  &  Vk=  *1  •89V  The  best  c^cellation  of  h^omc 
happens  at  Vb,=5.48V  &  Vm=  -1 .50V.  Comparing  these  two  cases,  the  i^cellation  of  3  order  harmonic  is  about 
2"f  order  harmonic  is  about  die  same.  The  fundamental  drops  about  1.5dB. 


28 


5.  CONCLUSION 


Simulation  results  show  that  the  two-electrode  modulator  scheme  can  improve  the  broadband  SFDR  of  an  optical  link  about 
1 0  dB,  with  just  a  slight  drop  of  the  fundamental  signal. 

Experimentally,  the  data  collected  from  MZM  and  EAM  in  tandem  show  a  decrease  of  12dB  in  3"*  order  harmonic  with 
almost  no  change  in  2°^*  harmonic  and  only  l.SdB  penalty  in  reducticm  of  fundamental  signal 

The  narrow  range  of  bias  voltages  within  which  larger  cancellation  of  2“**  and  3*^  harmonics  may  take  place  and  the  inaease 
in  higher  order  h^^  coefficients  may  limit  the  improvement  in  broadband  SFDR  that  can  be  obtained  by  more  complex 
distortion  cancellation  schemes. 
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SUMMARY 

Semiconductor  electroabsorption  modulator  (EAM)  is  a  promising  alternative  to 
lithium  niobate  modulator  for  digital  and  analog  fiber  optic  links  due  to  its  inherent  small 
size,  high  modulation  efficiency,  and  potential  of  monolithic  integration  with  other 
electronic  and  optoelectronic  components.  For  high-speed  application,  the  bandwidth  of 
the  lumped  element  EAM  is  known  to  be  RC-time  limited.  To  achieve  an  ultra  large 
bandwidth  in  lumped  element  EAM,  the  modulation  efficiency  has  to  be  greatly  sacrificed. 
This  is  especially  critical  in  analog  operation  where  RF  link  loss  and  noise  figure  must  be 
minimized.  To  overcome  the  RC  bandwidth  limit  and  to  avoid  significantly  compromising 
the  modulation  efficiency,  the  traveling  wave  electroabsorption  modulator  (TW-EAM)  has 
been  proposed  and  experimentally  investigated  by  several  authors  [1-5]. 

In  our  previous  work  [5],  detailed  theoretical  analysis  and  numerical  calculations 
have  been  carried  out  for  ultra  high-speed  (>50  GHz)  TW-EAM,  including  effects  of 
velocity  mismatch,  impedance  mismatch  and  microwave  attenuation.  It  was  found  that 
due  to  the  optical  propagation  loss  of  the  waveguide,  the  TW-EAM  wavegmde  length  for 
maximum  RF  link  gain  is  limited  to  200  ~  300  pm.  A  quasi-static  equivalent  circuit  model 
was  used  to  examine  the  TW-EAM  microwave  properties,  including  the  effect  of 
photocurrent.  Three  TW-EAM  design  approaches  were  discussed:  low  impedance 
matching;  reducing  the  waveguide  capacitance;  and  distributing  the  modidation  region. 

Following  the  previous  analysis,  we  have  designed  and  fabricated  TW-EAM 
devices  using  low  impedance  matching  approach.  Figure  1  shows  the  cross  section  of  the 
device.  The  TW-EAM  optical  waveguide  is  similarly  designed  as  that  of  the  lumped 
element  EAMs  [6].  Its  microwave  design  is  more  critical  and  deserves  a  more  thorough 

discussioa  .  ,  i  ^  i  • 

The  equivalent  circuit  model,  illustrated  in  Figure  2,  is  very  helpM  m 

understanding  the  TW-EAM  microwave  design.  In  this  circuit  model,  Rcon  is  the 

conduction  resistance,  L™  is  the  inductance,  Rs  is  the  device  series  resistance,  C„  is  the 
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junction  capacitance,  Ro  is  the  equivalent  ac  resistance  due  to  the  dependence  of  the  EAM 
photocurrent  on  the  junction  voltage.  These  circuit  parameters  determine  the  TW-EAM 
frequency  response  [5].  To  achieve  ultra  large  bandwidth,  small  Cm,  Rs  and  Rcod  are 
desirable.  However,  the  effect  of  inductance  Lm  is  not  so  straightforward  to  predict.  This 


Figure  1.  Cross-section  of  the  TW-EAM  device.  2.  Quasi-static  circuit  model  for  a 

.  .„  ,  .  ,  .  unit  length  of  TW-EAM  transmission  line. 

IS  illustrated  m  Figure  3.  when  the  terminator 

impedance  Zl  >  50  Q,  the  Waveguide  inductance  will  have  little  impact  on  the  TW-EAM 
bandwidth;  when  Zl  =  22  Q,  in  the  Lm  range  of  0.1  nH/mm  to  1 .0  nH/mm,  a  larger  Lm  will 
yield  a  larger  bandwidth.  This  suggests  that  in  our  device  design  which  uses  a  low 
impedance  matching  approach,  a  larger  inductance  Lm  would  be  preferred. 


Fig.  3.  Effect  of  waveguide  inductance  on  the  3-dB  bandwidth. 


The  values  of  all  above  circuit 
parameters  are  determined  by  the 
structure  design  in  Figure  1.  The 
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C3.p3cit3nc6  Cm  dcpciids  upon  the  waveguide  width  and  the  intrinsic  layer  thickness,  which 
have  been  determined  in  the  optical  waveguide  design  for  maximum  modulation  efBciency. 
To  achieve  a  larger  inductance,  Lm,  a  smaller  central  metal  width,  w,  a  larger  electrode 
gap,  g,  and  a  larger  waveguide  height,  h,  are  preferred.  However,  smaller  w  causes  larger 
Rcon^  larger  g  and  larger  h  cause  larger  Rs.  Detail  numerical  calculations  are  needed  in 
order  to  optimize  these  structure  geometry  parameters  to  obtain  the  largest  bandwidth. 

In  order  to  connect  the  low  impedance  terminator  to  the  TW-EAM  waveguide,  a 
microwave  transmission  line  is  needed.  This  transmission  line  design  could  have  a 
significant  intact  to  the  TW-EAM  frequency  response.  In  the  calculation  we  can  treat 
this  transmission  line  plus  the  terminator  as  an  equivalent  terminator.  The  in^dance  of 
this  equivalent  terminator  has  an  imaginary  part  that  is  frequency  dependent,  which  is 
similar  to  the  TW-EAM  waveguide  impedance  [5].  This  infers  that  a  better  inqpedance 
matching  could  be  achieved  by  a  proper  design  of  the  terminator  transmission  line. 
However,  the  transmission  line  length  and  inqiedance  have  to  be  optimized  in  order  to  get 
benefit  on  the  TW-EAM  bandwidth.  More  than  10  GHz  bandwidth  improvement  can  be 
obtained  with  the  effect  of  terminator  transmission  line,  as  is  illustrated  in  Figure  4. 

The  device  febiication  proceeds  in  the  conventional  manner.  Our  prior  work  uses 
dry  etching  (RIBE  or  RIE)  that  creates  much  waveguide  sidewall  roughness,  presently  we 
use  wet  chemical  etching.  However,  chemical  etching  usually  produces  trapezoidal  etching 
profile,  which  increases  the  device  capacitance.  With  judiciously  chosen  etchant  and 
etching  conditions,  we  have  successfully  obtained  a  quasi-rectangular  waveguide  cross- 
section. 

In  the  lithographic  step  that  connects  the  metal  on  top  of  the  waveguide  to  the 
bottom  electrode  on  the  semi-insulating  substrate,  extra  caution  should  be  exercised,  as 
there  are  several  micrometers  difference  in  height  between  them.  We  have  presently 
overcome  this  difficulty  through  the  use  of  multiple  lithography  and  specially  designed 
masks. 

In  this  work,  we  have  designed  and  febricated  traveling  wave  electroabsorption 
modulators  based  on  our  previous  analysis.  Some  important  issues  on  the  design  and 
febiication  will  be  discussed  during  the  presentation,  together  with  the  measurement 
results. 
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Abstract:  We  present  the  performance  of  the 
multiple-quantum-well  and  Franz-Keldysh 
electroabsorption  waveguides  as  an  integrated 
photodetector/mixer  for  frequency  conversion  of 
RF  signals.  The  InAsP/GalnP  multiple-quantum- 
well  waveguide  exhibits  a  low  phase  noise  and 
large  SFDR  conversion. 

Summary 

Microwave  photonics  is  considered  to  be  a 
viable  alternative  technology  in  some  application 
areas  where  electronics  has  traditionally  played  a 
central  role.  Frequency  converting  photonic  links 
for  antenna  remoting  applications  is  an  example  of 
this  where  antenna  front-end  hardware  complexity 
can  be  reduced  and  the  deleterious  effects  of  fiber 
dispersion  may  be  avoided  [1,2].  Many  of  the 
conversion  schemes  take  advantage  of  the  optical 
local  oscillator  (LO),  which  is  less  complex  than 
the  electronic  LO  at  high  frequency,  and  has 
shown  lower  phase  noise  [3].  There  have  been 
several  proposals  to  achieve  low  conversion  loss 
and  large  spur-free  dynamic  range  (SFDR)  for 
photonic  frequency  converting  links  [4-6].  One 
approach  makes  use  of  Mach-Zehnder  modulators 
(MZM’s)  at  very  high  optical  LO  power  (350 
mW)  to  achieve  positive  link  conversion  gain 
[5,6].  An  alternative  approach  uses  either  a 
heterojunction  phototransistor  or  heterojunction 
bipolar  transistor  (HBT)  to  convert  the  modulated 
optical  radiation  to  the  RF  signal,  by  using  the 
inherent  nonlinearity  of  the  device  [7-9].  In  [8],  a 
10.4-dB  intrinsic  conversion  gain  (-5.5  dB 
external  conversion  gain)  was  achieved  using  an 
electrical  LO.  In  [9],  two  HBT’s  in  a  cascode 
configuration  were  used  to  achieve  an  intruisic 


conversion  gain  of  18.2  dB  and  an  extrinsic 
conversion  gain  of  7.4  dB  with  a  three-stub  tuner. 

In  a  prior  work  [10],  we  have  proposed  and 
demonstrated  an  alternate  RF  signal  conversion 
approach  using  an  electroabsorption  (EA) 
waveguide  as  a  photodetector/mixer.  In  this 
approach,  frequency  converted  electrical  RF 
signals  from  the  EA  waveguide,  operating  as  an 
optoelectronic  mixer  (OEM),  is  generated  and 
made  available  for  subsequent  signal  processing. 
The  down-converted  RF  signal  can  be  sent 
through  conventional  electrical  cable  that  has  low 
attenuation  at  baseband/IF  frequency.  We  have 
demonstrated  a  moderate  conversion  loss  and  high 
SFDR,  RF  signal  mixing  using  moderate  optical 
LO  power  and  a  simple  system  configuration  [10]. 

In  this  work,  we  compare  the  performance  of 
the  multiple-quantum-well  (MQ^  and  Franz- 
Keldysh  effect  (FKE)  EA-OEM  in  this  conversion 
scheme. 

In  EA  waveguides,  the  electroabsorption 
process  generates  an  electric-field  dependent 
photocurrent,  /p/,(F',  P^pt)  =  t/m  (F)/* ,p, »  where  Popt 

is  the  optical  power  and  TjmiV)  is  the  modulator’s 
detection  responsivity.  rjm  is  dependent  on  the 
applied  bias  (therefore,  the  electric  field),  and  is 
independent  of  optical  power  provided  that  the 
device  is  operated  below  saturation.  When  a  DC 
optical  power,  Po,  and  modulation  optical  power, 
p  at  ato,  are  incident  on  an  EA  waveguide  driven 
by  a  DC  bias  voltage,  Vt,  along  with  a  RF  signal 
voltage,  V  at  aj,  the  photocurrent  generated  at  the 
device  is  given  by: 

(f".  P.p. )  =  (^;  +  vcos  /)  •  (n  +  P cos  (0 
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The  up-and  dovm-converted  signals  at 
(o^  ±  cOuo  are  obtjuned  from  a  small  signal  analysis 

of  7«(^6+vcos6>,/)  as: 

The  higher  order  derivatives  of  rjm  contribute  to 
the  harmonic  and  intermodiilation  distortions  of 
this  OEM.  Note  from  dT/JdVlvb  in  (2)  that  the 
electroabsorption  is  crucial  in  generating  the 
mked  signals.  This  distinguishes  the  electro¬ 
absorption  mode  of  the  EA-OEM  from  the  usual 
pin  photodetection  where  the  responsivity  is 
constant  with  voltage. 

We  first  compare  the  current  that  gives  the 
mixed  signals  detected  by  the  remote  detector, 
when  the  EAM  is  used  as  a  modulator,  to  the 
integrated  mixer  photocurrent.  The  remote 
detector  photocurrent  can  be  expressed  as 
I. ran.  =  rjdPop,tffW)  where  rjj  is  the  responsivity 

of  the  remote  detector,  tff  is  the  transmission 
fector  of  the  EAM,  and  71[  10  is  the  transfer 
function  of  the  EAM  normalized  to  the  incident 
optical  power.  The  corresponding  photocurrent 
that  gives  the  mixing  of  aos  and  ojlo  is: 

vpcos((0,±0)i^)t  (3) 

2  dV  n 

From  with  the  RF  power  of  the 

converted  signals  can  be  obtained,  assuming  a  50- 
Q  load  resistor.  The  ratio  of  powers  of  the 
frequency-converted  signals  in  these  two  cases 
can  be  expressed  in  dB  as: 

f  /«“  0  ( M  idV\ 

Ratio  =  20Iog  ^  =  20i:og  (4) 

y^tran.  j  J 

Here  Iph  and  Id  are  the  photocurrent  detected 
at  the  EA-OEM  and  the  remote  detector, 
respectively,  and  the  derivatives  are  evaluated  at 
the  modulator  bias,  Fj. 

In  the  experiment,  AR  coated  strain- 
compensated  InAsP/GalnP  MQW  EA  waveguide 
that  utilizes  the  quantum-confined  Stark  effect 
[11]  and  an  InGaAsP/InP  wavegmde  [12]  that 
used  the  Franz-Keldysh  effect  were  coiiq)ared. 


The  MQW  sample  has  8  periods  of  8.9-nm  thick 
compressively-strained  InAsP  wells  and  7.4-mn 
thick  tensile-strained  GalnP  barriers,  sandwiched 
by  InGaAsP  cladding  layers.  At  X  =  1.319  pm,  the 
transmission  (as  detected  by  a  remote  detector 
with  0.89-AAV  responsivity)  and  photocurrent 
characteristics  vs.  DC  bias  of  the  two  devices  are 
shown  in  Fig.  la  and  Fig  lb. 


0.0  0.5  1.0  1.5  ZO 

Reverse  Bias  (V) 


Reverse  Bias  (V) 

Fig.  1. Transmission  and  absorption  characteristics  of 
(a)  the  MQW  (at  10  mW),  (b)  bulk  InGaAsP 
waveguides  (at  1  mW). 

The  normalized  slope  eflSciencies  are  -1.1  V*' 
and  -0.18  V'*,  respectively,  for  these  transmission 
curves.  The  fiber-to-fiber  insertion  loss  of  the 
waveguides  are  8.0  dB  and  1 1  dB,  respectively. 
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loss,  tff,  was  much  smaller  than  that  of  the  EA 
waveguide. 


The  RF-frequency-mbdng  setup  is  shown  in 
Fig.  2  [10]  with  two  Nd:YAG  lasers  generating  a 
beat  tone  at  a  100-%  modulation  depth,  which 
was  used  as  an  optical  LO  signal  to  the  EA 
waveguide.  Electrical  voltage  that  contained  the 
DC  bias  as  well  as  the  RF  signal  at  (Os  was  applied 
to  the  EA-OEM  under  test. 


Fig.  2.  Experimental  set-up  for  the  mixing 
experiment  using  the  EA  waveguide. 


The  DC  bias  was  first  set  at  the  second  order 
null  point  of  the  transmission  curve,  which 
corresponds  to  the  highest  slope  efficiency  of  the 
photocurrent  vs.  DC  bias  curve.  When  the  RF 
signal  power  was  increased  fi:om  -20  dBm  to  -10 
dBm,  the  converted  signal  powers  increased  by  10 
dB.  They  closety  follow  the  behavior  predicted  by 
(2).  The  MQW  EA  waveguide  became  saturated 
around  10-mW  of  LO  optical  power. 

Defining  the  conversion  loss  as  the  ratio  of  the 
input  RF  signal  power  to  the  output  fi^quency 
converted  signal  power,  the  conversion  loss  for 
the  case  when  the  MQW  EA-OEM  was  used  as  a 
photodetector/mixer  is  measured  at  18.9  dB.  This 
conversion  loss  is  mainly  limited  by  LO  optical 
power  (10  mW)  and  the  saturation  power  of  the 
MQW  waveguide.  When  this  MQW  EA 
waveguide  was  used  as  a  modulator/mixer  and  the 
converted  signals  were  transmitted  through  the 
optical  fiber  as  in  [4-6],  the  conversion  loss  was 
increased  to  27.8  dB.  The  increase  in  conversion 
loss  is  mainly  due  to  the  fiict  that  the  responsivity 
of  the  remote  detector,  rjd  at  the  end  of  the  fiber 
link  combined' with  the  EA  waveguide  insertion 


Fig.  3.  Two-tone  test  of  the  MQW  EA 
photodetector/RF  mbcer.  Converted  RF  signals  (■: 
for  highest  slope  point,  □:  for  third-ord^  null 
point)  and  the  IMDs’s  (•:  for  highest  slope  point, 
O:  third-order  null  point)  are  shown. 

Two-tone  SFDR  measurement  was  carried  out 
with  the  RF  tones  at  1.00  and  1.02  GHz  and  the 
optical  LO  tone  at  0.90  GHz:  The  converted 
signals  and  the  their  third-order  intermodulation 
distortions  (IMDa’s)  were  measured.  (Due  to  the 
bandwidth  limitation  of  the  circulator,  only  the  up- 
converted  signals  were  measured.)  When  the 
MQW  EA  waveguide  was  biased  at  the  highest 
slope  point  of  the  device  photocurrent  vs.  DC  bias 
curve  (second-order  null  point),  a  SFDR  of  102.4 
dB-Hz^^  was  obtained  at  10-mW  optical  LO 
power  for  the  up-converted  signal  at  1.90  GHz. 
When  the  MQW  EA-OEM  was  biased  at  the 
third-order  null  point  of  the  device  photocurrent 
vs.  DC  bias  curve,  the  up-converted  RF  signal 
power  was  reduced  by  ~3  dB,  but  the  sub-octave 
SFDR  was  measured  at  120.0  dB-Hz^^*  with  the 
fifth-order  dependence  on  the  input  RF  power.  At 
the  third-order  null  point,  the  IMDj  due  to  the 
third-order  ii^ut  power  dependence  becomes  null, 
malting  the  IMD3*  depending  on  the  next  order, 
which  is  the  fifth  order.  The  results  are  shown  in 
Fig.  3. 
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For  the  InGaAsP  FKE  EA-OEM,  a  larger  RF 
conversion  loss  (29.2  dB)  was  measured  at  the 
same  LO  optical  power  of  10  mW,  mainly  due  to 
the  smaller  slope  efiBciency  of  the  FKE.  However, 
the  single-octave  SFDR’s  of  this 
photodetector/mixer  are  within  4  dB  of  those  of 
the  above  MQW  device,  primarily  due  to  the 
lower  degree  of  saturation  of  the  FKE  device  at 
10  mW.  These  results  are  summarized  in  Table  1. 


Device 

Conversion  loss  (dB) 

SFDR 

InAsP/GalnP 

MQW 

18.9  (2“*  order  null) 

21.9  (3"*  order  null) 

102  dB-Hz^ 
120  dB-Hz'*'* 

Bulk 

InGaAsP 

29.2(2“*  order  null) 
33.2  (3"*  order  null) 

98  dB-Hz^^ 
indB-Hz'*'’ 

Table  1.  EA-OEMs  at  10  mW  optical  LO  power. 
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Fig.  4.  Absolute  phase  noise  of  the  RF  source 
driving  the  MZM  (optical  LO  generator). 

Fig.  5.  residual  phase  noise  characteristic  of  the 


EA-OEM  up-converted  signal  at  1 .4  GHz 


We  have  also  measured  the  phase  noise 
characteristics  of  the  converted  signals.  In  the 
measurement,  the  optical  LO  (Fig.  4)  is  generated 
via  external  modulation  of  a  high  power  laser 
using  a  lithium  niobate  MZM.  Fig.  5  shows  the 
residual  phase  noise  spectrum  of  the  up-converted 
using  a  400  MHz  optical  LO  signal. 

In  conclusion,  we  have  demonstrated  that  the 
EA  waveguide  can  be  utilized  as  an  OEM  that 
possess  low  phase  noise,  large  SFDR  conversion 
properties.  The  conversion  loss  and  SFDR  are 
both  dependent  on  the  slope  efBciency  and 
saturation  power  level.  At  10-mW  LO  power,  a 
sub-octave  SFDR  of  120.0  dB-Hz^^^  was  achieved 
with  the  MQW  EA-OEM. 
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